Pressure and temperature dependence of shear modulus and yield strength for aluminum, copper, and tungsten under shock compression J. Appl. Phys. 98, 013508 (2005) The pressure dependence of the yield strength of tantalum was investigated experimentally up to 101 GPa at room temperature using a diamond anvil cell. A yield strength softening is observed between 52 and 84 GPa, whereas a normal trend is observed below 52 GPa and above 84 GPa. The onset pressure of the softening is in agreement with previous results obtained by the pressure gradient method and shock wave experiments. This unusual strength softening in tantalum is not related with structural transformation, preferred orientation, or material damage. Our measurements indicate that microscopic deviatoric strain is the major reason for the observed strength softening in tantalum. V C 2015 AIP Publishing LLC. [http://dx
INTRODUCTION
Since the pioneering work of Bridgman, 1 it has been known that the yield strength and mechanical properties of materials can be significantly affected by hydrostatic pressure. Understanding the physics underlying the variation of material strength under compression is an important subject of interest not only in many scientific fields but also in technological application. Studies of material strength at high pressures can give insights into the mechanisms of elastic deformation and plastic flow of materials under various pressure and temperature conditions, which are important to solid-state physics, materials science, geophysics, and planetary physics. The technological interest partly stems from the need for super-hard materials in the design and manufacture of static high-pressure devices. For example, the strength properties of novel synthesized hard materials such as silicon carbide 2 and boron suboxide 3 make them potentially useful for large anvil presses. Consequently, a large amount of research has been devoted to the theoretical modeling and experimental investigation of the strength characteristics of materials under extreme conditions. Tantalum, a nonmagnetic and refractory group VB (including V, Nb, Ta, etc.) transition-metal, is a widely used benchmark for testing theoretical predictions of elastic and plastic behaviors and for the study of yield strength under extreme conditions. [4] [5] [6] [7] Tantalum possesses a body centeredcubic (bcc) structure at ambient conditions, the bcc structure stable up to at least 174 GPa, 8 and is regarded as a good example for demonstrating the successful application of first principles calculations to the structural stability of elemental metals. 9 Tantalum is also widely used as an internal pressure scale 10 in static high-pressure experiments. However, recent first-principles calculations aimed at understanding the phase stability of group VB transition metals [11] [12] [13] predict a softening in the shear modulus C 44 of tantalum, possibly arising from an electronic topological transition.
14 In fact, other VB elements, vanadium and niobium, also show a similar but more pronounced pressureinduced softening of C 44 . [11] [12] [13] Particularly, vanadium transforms from the bcc structure to a rhombohedral structure at high pressure and room temperature. [15] [16] [17] This unusual softening of the shear modulus should affect the yield strength and other mechanical properties. 4 Yield strength, the critical stress required to produce a plastic deformation in a material, largely but not completely depends on shear modulus. 18 Hence, a similar softening of yield strength can be expected for tantalum. In this work, we report the study of the yield strength of pure tantalum at up to 101 GPa at room temperature.
EXPERIMENTAL AND METHOD
A modified Mao-Bell-type symmetric diamond anvil cell (DAC) with two flat diamond anvils (200-lm culet) was used in the experiment. A rhenium gasket with an original thickness of 250 lm was pre-indented at 30 GPa. A hole with a diameter of 60-70 lm was drilled at the center of the indented gasket to form the sample chamber. Commercial polycrystalline tantalum powder (99.9% purity, Alfa Aesar) with a typical particle size of about 2 lm was loaded in the sample chamber. The sample was compressed without any pressure media to maximize the non-hydrostatic stress. A 5-lm ruby chip was loaded on the surface of the sample to act as a pressure standard. 19 In situ high pressure angledispersive X-ray diffraction (ADXD) experiments were performed at the High-Pressure Station, 4W2 beamline at the Beijing Synchrotron Radiation Facility (BSRF). The X-rays were monochromatized to 0.6199 Å using a double crystal (silicon 220). The beam size was focused to 15 (vertical) Â 28 (horizontal) lm 2 full width at half maximum (FWHM) using Kirkpatrick-Baez mirrors. The diffraction patterns were recorded with a MAR345 on-line image plate. The measured two dimensional diffraction patterns were integrated using Fit2D 20 to obtain 2h-intensity curves, which then were analyzed to obtain the crystal unit cell parameters and FWHM. The line width analysis method [21] [22] [23] [24] [25] was used to extract the high-pressure yield strength of the tantalum sample. Briefly, the stress state inside a sample between diamond anvils is generally considered as a superposition of a macroscopic differential stress and a microscopic deviatoric stress. The latter causes broadening of the diffraction lines, and the amount of line broadening is an indicator of the distribution of the longitudinal strain parallel to the diffraction vector. 22 By analyzing high-pressure diffraction patterns, in which the major source of broadening is the microstrain, 25 the average microscopic deviatoric strain hgi can be obtained. The microscopic deviatoric stress can then be determined by multiplying the aggregate Young's modulus E to obtain ¼ Ehgi. If the sample is deformed plastically, then the corresponding microscopic deviatoric stress is equal in value to the yield strength of the sample. The aggregate Young's modulus can be obtained from the bulk modulus K and aggregate shear modulus G using the formula E ¼ 9KG/ (3 KþG). 26 The measured equation of state can be used to obtain the high-pressure bulk modulus. The variation of shear modulus with pressure was estimated using the Steinberg model; 4 the parameters for Ta were taken from Katahara et al.'s work. 27 
RESULTS AND DISCUSSION
The yield strength of tantalum as a function of pressure is shown in Fig. 1 . It is obvious that the yield strength first increases with pressure and then reaches a plateau at about 52 GPa. Above 84 GPa, the yield strength once again increases with pressure up to 101 GPa, the largest pressure we achieved. For comparison, the results determined by Weir et al. 5 using the pressure gradient method [28] [29] [30] are also included in Fig. 1 . Weir et al. compressed thin and thick foil samples to obtain data for small and large strains, respectively. Their determined yield strength showed an anomalous decrease between 50 and 80 GPa in the small strain run and at about 50 GPa in the large strain run. Therefore, the onset pressure of strength softening in the present work (52 GPa) is in agreement with that measured by Weir et al. 5 However, in our results, the yield strength increases again when the pressure is above 84 GPa, whereas Weir et al.'s data 5 shows a continuous decrease until the highest pressure. This difference may have been caused by the unsatisfactory experimental accuracy in Weir et al.'s work. 5 Dewaele and Loubeyre 6 also determined the yield strength of single crystal tantalum up to 93 GPa. However, because the yield strength of a powder sample is essentially different from that of a single crystal, we do not discuss their results in detail here. In shock wave experiments, 31 it has been observed that the yield strength of tantalum begins to decrease at a shock stress of 35 GPa.
The strength softening behavior of tantalum is unusual, because the strength and ductility of metals are usually enhanced under hydrostatic compression.
1 It has been shown that pressure induced structural transformation is one of the most common reasons for strength loss in DAC experiments, e.g., the stishovite-CaCl 2 transition in SiO 2 , 32 the B1-B2 transition in NaCl, 33 and the bcc-rhombohedral transition in vanadium. 34 For tantalum, a kink in the longitudinal sound velocity has been observed at about 60 GPa, suggesting a possible shock-induced phase transformation. 35 Furthermore, small pseudo-hexagonal omega particles have been observed in shock-recovered polycrystalline tantalum released from the Hugoniot state at 45 GPa. 36, 37 To detect the speculated structural transformation in tantalum at high pressure, we investigated the relationship between pressure and volume for tantalum at 300 K, as shown in has been observed in tantalum's group VB relative, vanadium, 15, 16 and therefore might be possible for tantalum. Such a transition is characterized by the broadening and splitting of the (110) and (211) diffraction peaks. For this reason, we also checked the diffraction lines of tantalum at four different pressures, corresponding to before (31 GPa), at the beginning of (52 GPa), during (69 GPa), and after (101 GPa) the strength softening, to look for possible second-order phase transition. The results are shown in Fig.  3 , and it is obvious that no split diffraction lines were obtained at these pressures. It is worth noting that the shear stress, considered the main driving force for the phase transition, was maximized in the present experiment by not using pressure media. Our results are consistent with those of Ma et al. 38 who carried out a compression and shear experiment for tantalum with a rotational diamond anvil cell.
Previous studies 28, 29 have proposed that preferred orientation/texture in a sample at high pressures could create strain softening, which in turn causes yield strength softening. The preferred orientation/texture could be indicated by a non-uniform distribution or changes in the intensity of the Debye-Scherrer diffraction rings. 34 We also examined this preferred orientation/texture effect under uniaxial compression in the ADXD experiment. Fig. 4 shows the X-ray diffraction patterns of the tantalum powder sample at 16, 52, 71, and 101 GPa recorded on the MAR345 image plate. The signal intensities do not change significantly relative to the rest of the arcs as the pressure increases, which suggests that the degree of preferred crystallographic orientation in the sample is negligible at the high pressures. Additionally, the observed softening of the yield strength of the tantalum was more than 20%, an amount significantly larger than that reported for the critical case of hcp-Co, 39 which is a highly anisotropic material. Furthermore, the effect of the preferred orientation is a continuously smooth function of pressure, 39 and would level out once the texture saturated. 40, 41 Therefore, we conclude that the texture of the sample does not account for localized strength softening over such a narrow pressure range as that used here.
Material damage caused by large strains has also been proposed as an origin of strength loss in metals in previous studies.
1,5 However, different from the continuous strength decrease observed in those experiments, 1,5 in the present work, the yield strength of tantalum once again increases with pressure at the last stage (see Fig. 1 ). Further finite element modeling, 42 aimed at understanding the deformation mechanism of the sample in the pressure gradient experiment, revealed that the continuous decrease of high-pressure strength 5 might have been related to unexpected influence from the cupping of the diamond anvils and the strengthened gasket. However, as yet, there is no way to directly monitor material damage in DAC experiments.
With this thorough analysis, we conclude that the strength softening of tantalum between 52 and 84 GPa observed in the present work is independent of structural transformation, preferred orientation/texture, as well as pressure-induced material damage. First principles calculations 13 revealed an unusual softening of the shear modulus of tantalum between 50 and 80 GPa. Recent inelastic X-ray scattering (IXS) measurements during DAC have also shown a softening of the aggregate shear velocity in the pressure range of 50-90 GPa. 43 Fig . 5(a) shows the shear modulus determined by first principles calculation, that deduced from the measured sound velocity using the IXS technique, and that extrapolated from the Steinberg model. 4 Fig. 5(b) shows the yield strength calculated using the shear modulus obtained using the Steinberg model 4 and that deduced from the IXS measurements. 43 It is obvious that both yield strengths obtained using different shear modulus exhibited softening, and this softening approximately followed the same trend as that of the softening of the shear modulus determined by first principles 13 and IXS measurements. 43 However, the shear modulus obtained using the Steinberg model does not show any softening. Therefore, the main cause of the strength softening may be the average microscopic deviatoric strain; meanwhile, the softening of the shear modulus enhances this behavior only. Such an enhancement is supported by the fact that the yield strength deduced from the shear modulus obtained from the IXS measurements 43 showed a somewhat stronger softening. Consequently, the major contribution to strength softening is the average microscopic deviatoric strain. Fig. 5(c) shows the average microscopic deviatoric strain as a function of pressure. An obvious drop is observed at 56-87 GPa, which is nearly the same as the pressure range in which the yield strength softens. The mechanism of the drop in the microscopic deviatoric strain is beyond the scope of this paper, and, therefore, further study is needed.
CONCLUSIONS
In summary, the pressure dependence of the yield strength of polycrystalline tantalum was measured up to 101 GPa at room temperature using the line width analysis method. After an initial increase, a softening of the yield strength was observed from 52 GPa. The softening behavior ended at 84 GPa, after which the yield strength increased with pressure again. Further analysis showed that this anomalous softening of the yield strength of tantalum at high pressure was independent of structural transformation, preferred orientation, and material damage. Although the experimentally determined pressure dependence of the yield strength of tantalum approximately followed the same trend as that seen for the softening in the shear modulus both predicted by theoretical calculations and deduced from the sound velocity determined by IXS, our results reveal that the decrease of the average microscopic deviatoric strain accounted for the observed strength softening of tantalum. 
